Abstract Peritonitis remains a frequent complication of peritoneal dialysis in children and is the most common reason for technique failure. The microbiology is characterized by a predominance of Gram-positive organisms, with fungi responsible for less than 5% of episodes. Data collected by the International Pediatric Peritonitis Registry have revealed a worldwide variation in the bacterial etiology of peritonitis, as well as in the rate of culturenegative peritonitis. Risk factors for infection include young age, the absence of prophylactic antibiotics at catheter placement, spiking of dialysis bags, and the presence of a catheter exit-site or tunnel infection. Clinical symptoms at presentation are somewhat organism specific and can be objectively assessed with a Disease Severity Score. Whereas recommendations for empiric antibiotic therapy in children have been published by the International Society of Peritoneal Dialysis, epidemiologic data and antibiotic susceptibility data suggest that it may be desirable to take the patient-and center-specific history of microorganisms and their sensitivity patterns into account when prescribing initial therapy. The vast majority of patients are treated successfully and continue peritoneal dialysis, with the poorest outcome noted in patients with peritonitis secondary to Gram-negative organisms or fungi and in those with a relapsing infection.
Introduction
Chronic peritoneal dialysis (CPD) remains the most common dialysis modality utilized for the management of children with end-stage renal disease (ESRD), and its usage is expanding in many developing countries [1] [2] [3] . Despite the decreasing incidence of CPD-related infectious complications in both children and adults over the past two decades, peritonitis remains the most significant complication of CPD in the pediatric population [4, 5] . Peritonitis contributes to significant morbidity and can lead to irreversible technique failure. Records from the United States Renal Data System (USRDS) reveal that infectious complications are the most frequent cause for hospitalization among children receiving CPD and that the cumulative incidence of hospitalization over a 36-month period increased from 19.3% in the period 1995-1998 to 34 .3% in the period 1999-2002 [6] . Furthermore, according to the data from the North American Pediatric Renal Trials and Collaborative Studies (NAPRTCS), peritonitis is the primary reason for modality change in children receiving CPD [2] . These facts mandate an effective approach to the prevention and treatment of CPD-related infections in children who face a lifetime of ESRD care.
To optimize the efficacy of antibiotic therapy, minimize patient morbidity, and hopefully preserve the function of the peritoneal membrane of patients prescribed CPD, the International Society of Peritoneal Dialysis (ISPD) published its first set of peritonitis treatment guidelines in 1983, and updated versions of these guidelines were published in 1989, 1993, 1996, 2000 and, most recently, in 2005 [7] [8] [9] [10] . However, with recognition of the presence of risk factors and clinical features unique to children, an international committee published largely opinion-based pediatricspecific guidelines in 2000 [11] . Information derived from the larger adult experience that was also applicable to children was incorporated into the recommendations.
Subsequently, in order to assess the efficacy and validity of these guidelines and to enhance existing knowledge regarding the global bacteriology and antibiotic susceptibility associated with peritonitis in children, the International Pediatric Peritonitis Registry (IPPR) was established and collected/published data from a consortium of 44 pediatric dialysis centers in Europe, Turkey, Asia, and America [12] [13] [14] [15] . While the initial pediatric-specific guidelines published in 2000 form the backbone of this review, the new information from the IPPR is incorporated in pertinent sections.
Incidence of peritonitis
Over the past several decades, there has been a steady decline in the rate of peritonitis in both children and adults that is largely due to improvements in connection technology and a decreased incidence of touch contamination [16] [17] [18] [19] . While the rate of infection in adults has fallen to 0.5 episodes per patient-year (one infection every 24 months) in many centers, and rates as low as 0.23-0.29 episodes per patient-year have been reported [20, 21] , the frequency of peritonitis in children regularly exceeds that in adults. In the most recent annual report of the NAPRTCS, which includes data collected through January 2007, there were 3892 episodes of peritonitis in 5764 years of follow-up for an annualized rate of 0.68 (one episode every 17.8 months) [2] . This rate has significantly improved in comparison to the annualized rate of 0.91 that was reported in the 1997 NAPRTCS data [22] . Similar to previous reports, the current NAPRTCS report reveals an inverse relationship between the age of the patient and peritonitis rate, with the youngest patients (<1 year) having an annualized rate of 0.86 (one infection every 13.9 months), while the adolescents (>12 years) have a rate of 0.61 (one infection every 19.8 months). These rates were derived from clinical experience in the USA and are comparable to what has been documented in European centers, but poorer than the exceptionally low rates (one infection every 28.6 months) found among Japanese children [23] [24] [25] .
Population-based peritonitis rates, however, can be misleading because of an uneven distribution of individual peritonitis rates. For example, only 38.8 and 52.4% of patients in the NAPRTCS database had at least one episode of peritonitis within 12 and 24 months of dialysis initiation, respectively, and in those patients who experienced an infection, the frequency varied from only one infection in 788 patients to more than eight infections in each of 48 patients [2] . This type of data emphasizes the potential value of the determination of subject-specific peritonitis incidence data [26] .
The frequency of peritonitis is also affected by the type of PD modality, with somewhat better rates for patients who receive automated peritoneal dialysis (APD) versus those that receive continuous ambulatory peritoneal dialysis (CAPD). In the latest NAPRTCS annual data report, the median time to the first peritonitis episode was shorter in CAPD than APD patients; at 1 year post-dialysis initiation, 45.5% of CAPD patients experienced peritonitis compared to 40.6% of APD patients [2] . Finally, patients on nocturnal intermittent PD (cycler at night with a dry day) may have a decreased risk of infection compared to those with a wet day because the empty abdomen can enhance local immune function [27] .
Microbiology of peritonitis
Similar to adults, the majority of peritonitis episodes in children on CPD are caused by bacteria, with fungi being responsible for <5% of the episodes [28] . Historically, 50-60% of the peritonitis episodes have been caused by Grampositive bacteria and 20-30% by Gram-negative organisms, with cultures remaining negative in a substantial percentage (<20%) of peritonitis episodes. Due to a steady decline in the peritonitis rate over the last few decades, likely as a result of improvements in connection technology and exitsite care and in the prophylaxis for Staphylococcus aureus nasal carriage, the distributive pattern of microorganisms has changed and is currently reflected by a selective decrease in the incidence of Gram-positive peritonitis, leaving Gram-negative peritonitis as an increasingly important infectious complication [21, 29, 30] . This pattern, apart from minor disparities, had been believed to be fairly consistent across different dialysis centers caring for children and adults until a recent analysis of IPPR data revealed a significant worldwide variation in dialysisassociated peritonitis characteristics in children [13] .
Between October 2001 and December 2004, the IPPR gathered data on 501 episodes of peritonitis that occurred in 392 children. Only ten (2%) of these episodes were caused by fungi. Of the remaining 491 episodes, 44% were caused by Gram-positive organisms and 25% by Gram-negative organisms; the culture remained negative in 31% of episodes. While the results confirmed the earlier impression of a decrease in the rate of Gram-positive infections, the bacteriological profile of the Gram-positive organisms was somewhat different from that recently reported in a survey of >4000 episodes of peritonitis in adult patients from the USA and Canada [31] . In contrast to the results of the adult survey in which coagulase-negative staphylococci were threefold more common than S. aureus as a cause of peritonitis, staphylococcal organisms were nearly evenly divided among the above two groups in the data gathered by the IPPR (Fig. 1) . Furthermore, there was significant variation in the distribution of organisms between different global regions (Fig. 2) . Gram-positive infections were predominant in Europe, with coagulase-negative staphylococci being most common in Eastern Europe, S. aureus predominating in Western Europe, and Enterococcus species being most prevalent in Turkey [13] .
Worldwide variation was found among Gram-negative organisms. Whereas Gram-negative organisms accounted for 70% of culture-positive infections in Argentina, they accounted for 46% of infections in the USA and for only 25% of infections in European countries. While Pseudomonas was the predominant Gram-negative organism in the USA, other Gram-negative organisms were more common in Argentina [13] . The reason for this marked geographical variation in the bacterial spectrum is most likely multifactorial and may include environmental influences (climate and humidity) and various aspects of PD practices, such as exit-site care and the routine use of topical antibiotic prophylaxis (vide infra) [3] .
Not only did the bacteriological profile differ from region to region in the IPPR data, but there was also a striking regional variation in the rate of culture-negative peritonitis episodes. In Turkey and Mexico, effluent cultures remained sterile in 42% and 67% of cases, respectively in contrast to a sterile culture rate of 11-23% in the other regions surveyed [13] . A survey of the laboratory procedures practiced in the individual centers did not reveal any systematic differences in culture technique that would explain these marked differences, but this aspect is currently being evaluated further. It is possible that other issues, such as incubation of insufficient effluent volumes, long transport times in rural areas, and extreme ambient temperatures, may have adversely affected the ability to obtain positive culture results. At the turn of the century, a number of culture-negative peritonitis episodes were reported that were associated with the usage of icodextrin solution for PD [32] [33] [34] . Subsequent investigations revealed that these cases of sterile peritonitis were caused by a peptidoglycan (released from Alicyclobacillus acidocaldarius, a Gram-positive organism) contaminating the cornstarch used for icodextrin production [35] . The problem has since been resolved following implementation of a routine serial monitoring program of icodextrin solutions for peptidoglycan during the manufacturing process. A recently concluded multicenter, longitudinal, prospective cohort study that included 722 PD patients did not find any difference in the rates of either infectious or culture-negative peritonitis associated with the usage of icodextrin [36] .
As already mentioned, fungi account for only a minority of peritonitis episodes and represent just 2% of episodes in Fig. 1 [2] . Yeasts belonging to the Candida genus are the most common fungal organisms implicated in peritonitis episodes. In the largest pediatric report addressing this infection, Candida species accounted for 79% of all fungal infections, with nearly 24% due to C. albicans and more than 26% secondary to C. parapsilopsis [37] [38] [39] .
Mycobacterium tuberculosis is a very rare cause of peritonitis and requires a peritoneal biopsy for a definitive diagnosis [40] . Diphtheroid infections are most commonly the result of skin organisms contaminating the peritoneum by the intraluminal or periluminal route. Viruses have not been confirmed to be the primary cause of any episodes of peritonitis in pediatric CPD patients to date.
Pathogenesis
Peritonitis can result from bacteria reaching the peritoneum by one of several routes: transluminal (mainly touch contamination), periluminal (through an exit-site or tunnel infection), enteric, hematogenous and, but only rarely, ascending (through the vagina).
Coagulase-negative Staphylococcus characteristically infects the peritoneum by the transluminal route following touch contamination [28, 41] . The incubation period is typically 24-48 h but may be as short as 6-12 h. This organism is also commonly associated with recurrent peritonitis due to biofilm formation. The decrease in the overall incidence of peritonitis experienced during the past decade is largely accounted for by a selective decrease in the frequency of infection caused by this organism.
Staphylococcus aureus infections are commonly associated with a catheter exit-site/tunnel infection with/without S. aureus nasal carriage [28, 41] . In the IPPR data, 16% of S. aureus peritonitis episodes were associated with S. aureus nasal carriage [14] . S. aureus is also commonly associated with recurrent peritonitis secondary to a catheter tunnel infection. Symptoms of S. aureus peritonitis are often more severe at presentation than those associated with coagulase-negative Staphylococcus, as demonstrated by disease severity score data collected by the IPPR, and clinical improvement is typically slower [14] .
Streptococcus and Enterococcus generally account for fewer than 5% of peritonitis episodes each [28] . Streptococci usually belong to the alpha-hemolytic group of bacteria and often cause peritonitis by hematogenous spread, either following a dental procedure or possibly originating from the respiratory tract, the skin, or the bowel. Enterococcal peritonitis is often severe; the organisms are fecal in origin, which often suggests a transmural route of infection. The emergence of vancomycin-resistant organisms in this species has been associated with an increased risk for patient mortality [42, 43] .
Gram-negative infections are caused by a wide variety of organisms and are usually acquired by touch contamination, intra-abdominal pathology (e.g. ischemic colitis, ruptured appendicitis), or a catheter-related infection. The detection of enteric bacteria is indicative of fecal contamination, and intra-abdominal sources of infection should be suspected when multiple Gram-negative organisms are cultured. In this setting, anaerobic organisms should be looked for as well. Pseudomonas/Stenotrophomonas species are the most common Gram-negative species causing catheter exit-site and/or tunnel infections that result in peritonitis which can be extremely resistant to treatment [11, 15] . The organism may also form a biofilm on the catheter, thereby precluding successful antibiotic management without catheter removal. Gram-negative peritonitis is particularly troublesome as it commonly results in severe abdominal pain, is associated with dramatic alterations in the peri- toneal membrane transport capacity, and may result in technique failure [15, [44] [45] [46] . Finally, infections secondary to Acinetobacter may be an indication of contamination from a water source [47] .
Risk factors associated with peritonitis and preventive measures
The cause of peritonitis in most cases is not obvious. Of the 491 episodes of non-fungal peritonitis recently analyzed by the IPPR, there were no identifiable factors associated with 72% of these. In the remainder, the most common causes were touch contamination (12% of all episodes), exit-site/ tunnel infection (7%), and catheter perforation/leakage (2.1%). The presence of a nasogastric tube, gastrostomy, and a ureterostomy was associated with 9.5, 7, and 5.5% of the 491 episodes [14] . Apart from these identified factors, several other risk factors can heighten the incidence of peritonitis in children, and an understanding of these is important if one hopes to optimize prevention and patient outcome.
Patient age While it is well known that the rate of peritonitis in children is inversely related to age [2] , recent IPPR data have confirmed for the first time a statistical association between young age and Gram-negative peritonitis [14, 15] . The reasons for the increased incidence of infection in infants is not known, but it may in part be related to the proximity of the catheter exit-site to the diaper region or to gastrostomy/vesicostomy/nephrostomy sites [14, 48] . In some centers, this issue has been successfully addressed by placing the PD catheter exit-site in a chest wall location [49, 50] .
Catheter design Studies in children and adults have repeatedly demonstrated that the time to first peritonitis episode is significantly shorter and the peritonitis rate is significantly higher when a catheter with one cuff is used as opposed to a two-cuffed catheter [4, 51, 52] . The role of the superficial cuff in preventing infection is primarily one of anchoring the catheter to prevent trauma at the exit site [53] . The preferred catheter in children, from the standpoint of peritonitis risk, appears to be the double-cuffed swan neck catheter with its inherent downward directed exit-site. In fact, the NAPRTCS has demonstrated that the time to the first peritonitis episode is significantly longer with the latter PD access than with all other combinations of catheter characteristics [2] . Nevertheless, data to the contrary do exist [54] [55] [56] .
Connection methodology The spiking of dialysis bags is a "high-risk" procedure because of the potential for contamination of the system. The introduction of double-bag, disconnect systems in CAPD, which eliminate the need for spiking and permit the flushing of the connection site and tubing with spent dialysate prior to the inflow of fresh dialysate, has contributed to a marked reduction in the incidence of peritonitis due to touch contamination. The "flush before fill" procedure has also proven to be beneficial in children and adults receiving APD [57, 58] . When spiking of bags is necessary, the Compact Assist Device (Baxter Healthcare, Deerfield, IL) may decrease the risk of contamination [59] . In the IPPR analysis, spiking connection systems were associated with an increased risk of acquiring Gram-negative peritonitis.
Prophylactic antibiotics A single dose of an intravenous antibiotic given at the time of catheter placement decreases the risk of a subsequent peritonitis episode [60] [61] [62] . While a first-generation cephalosporin has been most frequently used in this context, a single randomized trial did find that vancomycin was superior to a cephalosporin in preventing early peritonitis [60] . Prophylactic antibiotics are also indicated following intraluminal contamination and prior to dental procedures and procedures involving the gastrointestinal or urinary tract to decrease the risk of peritonitis [11, 60, 63, 64] .
Catheter-related infections and exit-site care Catheter exitsite and tunnel infections, most often secondary to Staphylococcus or Pseudomonas, are associated with a significantly increased risk for the development of peritonitis [65] [66] [67] [68] . It is important that, whenever possible, dialysis initiation be delayed for 1-2 weeks after catheter placement to allow for optimal surgical wound healing; failure to do so predisposes to dialysate leakage with an increased risk of infection. During the period of wound healing, dressing changes should ideally not occur more often than once per week and should be conducted by trained dialysis personnel using an aseptic technique [69, 70] . In children receiving CPD, colonization of the catheter exit-site with S. aureus and subsequent infection may not only originate from S. aureus nasal carriage of the patient [14, [71] [72] [73] [74] , but it may also come from family members and caretakers since as many as 45% of families with children on CPD have been found to have one or more members with evidence of nasal carriage [75] . A number of protocols for the prevention of S. aureus PD-related infections have been examined [10] , and it has been reported that daily application of mupirocin cream to the skin around the exit site is a cost-effective approach to reducing S. aureus exit-site infection and peritonitis [76, 77] . However, emerging resistance to mupirocin and preferential Pseudomonas colonization of exit-sites treated with mupirocin has raised new concerns about this practice [13, 30, [78] [79] [80] . In fact, the IPPR data suggest that the global variation in Gram-negative peritonitis may well be a manifestation of exit-site care and mupirocin usage. The incidence of Pseudomonas peritonitis was eightfold higher in the USA than in Western Europe and was associated with exit-site care practices characterized by daily washing with non-sterile cleansing agents and the application of mupirocin [13] . In the latest IPPR report on Gramnegative peritonitis in children, 12% of the children with Gram-negative peritonitis had the same microorganism (most commonly Pseudomonas species) retrieved from the peritoneal fluid and exit-site, but less than half of these patients showed symptoms of a concurrent exit-site infection [15] . In turn, in a double-blinded randomized trial of adult CPD patients, gentamicin cream applied daily to the exit-site was found to be as effective as mupirocin in reducing S. aureus exit-site infections as well as highly effective in reducing Pseudomonas aeruginosa exit-site infections [81] . Similar data have not yet been collected in the pediatric population.
Training Training is an effective tool in reducing PD infections. Patients receiving CPD in Japan routinely experience very low peritonitis rates, probably as a result, at least in part, of prolonged (6-7 weeks) training sessions characterized by repetition and the understanding of PD principles. Similar data emerged from an international survey of 76 centers caring for children: the peritonitis rate was lowest in those centers who devoted longer periods of training to the topics of theory and practical/technical skills, all provided by experienced PD nurses [82] . Training issues may be particularly relevant to the >10% of patients who develop peritonitis during the initial month of therapy [2] . Whereas the re-training of patients and caregivers should be considered following any episode of peritonitis, it is especially pertinent for patients with recurrent peritonitis [82] .
Antibiotic usage A majority of fungal peritonitis episodes are preceded by a course(s) of antibiotics. A number of studies have examined the use of antifungal prophylaxis with either nystatin or fluconazole given during antibiotic therapy to prevent fungal peritonitis, with mixed results. Programs with high baseline rates of fungal peritonitis found such an approach to be beneficial, while those with low baseline rates did not detect a benefit [10, 38, [83] [84] [85] [86] [87] [88] .
Presence of gastrostomy While an earlier series of peritonitis episodes did not reveal any significant relationship between the presence of a gastrostomy and the development of fungal peritonitis in children [39] , more recent IPPR data did reveal a nearly (p=0.06) significant association between Gram-negative peritonitis and the presence of a gastrostomy [14] .
Presentation and diagnosis
Peritoneal dialysis patients presenting with abdominal pain and/or cloudy effluent should be presumed to have peritonitis and evaluated for this infection. While a small percentage of pediatric and adult patients with peritonitis may present with clear effluent and abdominal pain [10, 14] , the presence of a cloudy peritoneal effluent almost always indicates infectious peritonitis. However, there are a number of non-infectious causes of cloudy peritoneal effluent that should be recognized, including chemical peritonitis, eosinophilic peritonitis, hemoperitoneum, chylous ascites and, but only rarely, malignancy. As noted previously, the severity of the presentation of abdominal pain and fever in patients with peritonitis varies and is somewhat organism-specific; for example, the severity is generally mild-moderate with culture-negative peritonitis and peritonitis secondary to coagulase-negative Staphylococcus, whereas it is of greater severity with peritonitis resulting from Streptococcus, Gram-negative organisms, S. aureus, and fungi. An objective assessment of the severity of a patient's clinical status at presentation can be made by evaluating the Disease Severity Score (DSS, 0-5), which is defined by the sum of points for pain (0, no pain; 1, moderate pain or nausea not requiring specific therapy; 2, severe pain, usually requiring analgesic therapy, or vomiting; 3, peritoneal pain with a tense abdomen and/or paralytic bowel) and fever (0, <37.5°C; 1, 37.5-38.9°C; 2, >38.9°C) [89] . Data from the IPPR revealed that nearly half of the 121 Gram-negative peritonitis episodes occurred in children aged <5 years and the initial clinical manifestations were severe for the majority of patients [15] .
The diagnosis of peritonitis is confirmed when the effluent white blood cell (WBC) count is >100/mm 3 and at least 50% of the WBCs are polymorphonuclear leukocytes. However, the recent analysis by the IPPR did reveal that the WBC count was <100 cells/μL in 2.8% of clinical peritonitis episodes and that the percentage of polymorphonuclear cells was <50% in 8.5% of cases [14] . These findings may be related to the fact that the number of cells in the effluent is partly dependent on the length of the exchange dwell. For patients on APD with short exchange dwell times, a second exchange with a dwell time of 1-2 h should be carried out, reexamined for turbidity and cell count, and sent for culture when peritonitis is suspected.
It is imperative that the diagnostic work-up of peritonitis is performed according to a standardized protocol [10, 11] as the correct culture techniques of peritoneal effluent are of utmost importance for establishing the microorganism responsible for the infection. The identification of both the organism and subsequent antibiotic sensitivities not only assists the clinician in selecting the most effective antibiotic, but it can also help identify the possible source of the infection. For details on the various culturing techniques, the reader is referred to the ISPD guidelines from 2000 and 2005 [10, 11] . When a standard culture technique is used, culture-negative peritonitis should not account for >20% of all peritonitis episodes, and centers with higher rates should review and improve their culture methodology [10] .
Management of peritonitis

General guidelines
To prevent a delay in treatment, antibiotic therapy should be initiated as soon as the diagnosis of peritonitis is suspected and after samples of the dialysis effluent are obtained for Gram stain, cell count and culture; if signs of severe infection, such as pain and fever are present, it is often advisable not to wait for confirmation of the cell count from the laboratory. Several rapid flushes with dialysis solution may be performed prior to the initiation of antibiotic therapy to help reduce the severity of the abdominal pain. In this case, because therapy is initiated prior to knowledge of the causative organism, initial empirically chosen antibiotics must cover both Grampositive and Gram-negative organisms.
Antibiotics selected for the treatment of peritonitis should be administered intraperitoneally to ensure immediate bioavailability, and recommendations for continuous (provided in each exchange) and intermittent dosing are available (Table 1) [11] . While evidence exists for the efficacy of intermittent dosing of aminoglycosides, glycopeptides, and the third-generation cephalosporin ceftazidime, most of this information is derived from adult patients on CAPD [90] [91] [92] . In a randomized trial in children that included both CAPD and APD patients, intermittent dosing of a glycopeptide was as efficacious as continuous dosing in patients with Gram-positive peritonitis, while intermittent ceftazidime dosing in cases with Gram-negative peritonitis was less successful than continuous treatment according to clinical judgment, but not by the objective DSS criteria [89] . The recent IPPR analysis of 121 episodes of Gram-negative peritonitis revealed a 14-fold increased risk of empiric treatment failure associated with intermittent ceftazidime therapy in comparison to continuous ceftazidime therapy and also questions the advisability of the former approach [15] . When intermittent dosing is used, the antibiotic-containing dialysis solution must be allowed to dwell for at least 6 h to allow adequate absorption of the antibiotic into the systemic circulation, which permits subsequent reentry into the peritoneal cavity during ensuing fresh dialysis solution exchanges. The rapid exchanges that often characterize APD in children may be associated with an inadequate time to achieve therapeutic intraperitoneal levels by the reentry mechanism, and dwell times may need to be prolonged in these situations. A recent pediatric study that evaluated the disposition of intraperitoneal vancomycin in children has suggested that an enhanced total body vancomycin elimination (relative to adults) coupled with a slow peritoneal transfer, should prompt reevaluation of the current recommendation for intermittent vancomycin therapy, particularly in children receiving short-dwell PD regimens [93] .
Even when continuous intraperitoneal antibiotic dosing is used for children on APD, the dwell times should likely be prolonged to 3-6 h for the initial 24-48 h of the therapy until there is clearing of the peritoneal effluent. The prolongation of the dwell time helps prevent depletion of the cellular components of the local host defense mechanism that may occur with frequent exchanges [94, 95] . However, prolongation of the dwell time may not be necessary/advisable for asymptomatic patients or for those with compromised ultrafiltration capacity and a need for more frequent exchanges to maintain euvolemia.
It is recommended that the antibiotic containing dwell, irrespective of whether the patient routinely receives CAPD or APD, should be a full volume exchange (approximately 1100 mL/m 2 body surface area) during both day and nighttime; in situations in which the exchange volume is decreased during the initial 24-48 h of therapy because of abdominal pain, the concentration of antibiotics must be increased to ensure the infusion of the same mass of the antibiotics that would be provided in a full dwell volume [11] . The dose of any antibiotic that undergoes renal excretion may also need to be increased in those patients with residual kidney function [11] .
Adjuvant therapy Patients with extremely cloudy effluent may benefit from the addition of low-dose heparin (500-1000 U/L) into the dialysate as it can help prevent occlusion of the catheter due to fibrin, which is often present as a result of the inflammatory process [96] . As infants receiving CPD with peritonitis can lose substantial amounts of gamma globulin across an inflamed peritoneum, they may benefit from intravenous immunoglobulin (Ig) therapy, especially if they have low measured IgG levels and/or they appear septic [97, 98] .
Antibiotic therapy
Initial (empiric) therapy The current pediatric peritonitis treatment guidelines recommend the combination of either a first-generation cephalosporin, such as cefazolin, or a glycopeptide (vancomycin or teicoplanin) with a thirdgeneration cephalosporin, such as ceftazidime [11] . The a Loading dose should be administered during a standardized 3-to 6-h dwell period. Concentration-related loading doses assume usual patientspecific fill volume (i.e. approximately 1100 mL/m 2 body surface area). If a smaller volume is instilled, the concentration must be increased to ensure infusion of an equal mass of antibiotic. Intermittent antibiotic dosing should be administered over ≥6 h in one bag per day for continuous ambulatory peritoneal dialysis (CAPD) patients, or during a full fill volume daytime dwell for automated peritoneal dialysis (APD) patients, unless otherwise specified b Accelerated glycopeptide elimination may occur in patients with residual renal function. Intermittent therapy is used in this setting. The second dose of antibiotic should be time-based on a blood level obtained 3-5 days after the initial dose. Redosing should occur when the blood level is <12 mg/L for vancomycin or 8 mg/L for teicoplanin. Intermittent therapy is not recommended for patients with residual renal function unless serum drug levels can be monitored in a timely manner c Teicoplanin is not currently available in the USA d Aminoglycosides and penicillins should not be mixed in dialysis fluid because of the potential for inactivation recommendation of a glycopeptide and ceftazidime combination in "high-risk patients" or those thought to be at high risk for severe disease based on their young age, a history of S. aureus infection, or a history of a recent catheterrelated infection was based on the increasing prevalence of methicillin resistance and the expected severe clinical course in these patients. The decision was also influenced by the superiority of this combination in a meta-analysis of studies performed in adults and it's safety and efficacy profile in children [29, 89, [99] [100] [101] . The recommendation is, however, that glycopeptide usage be restricted to highrisk patients because of the fear of promoting vancomycinresistant enterococci and the potential emergence of glycopeptide-resistant staphylococci [42, 43, [102] [103] [104] . Finally, the choice of ceftazidime over aminoglycosides was influenced by the potential for a high cumulative exposure to the latter, with possible resultant ototoxicity and nephrotoxicity [105] . The latter assumes significance in view of the considerable residual kidney function that is commonly present in children with hypoplastic kidney disorders and that may have a positive impact on patient outcome [106] [107] [108] .
Once culture results and sensitivities are known, antibiotic therapy should be adjusted appropriately. The current pediatric peritonitis treatment guidelines for therapy modification according to dialysate culture results are as follows:
& Gram-positive peritonitis. The empiric use of ceftazidime should be discontinued. For methicillin-sensitive staphylococci, the first generation cephalosporin should be continued or should replace the empiric glycopeptide. For patients with methicillin-resistant staphylococci, a glycopeptide (vancomycin or teicoplanin) should be continued or should replace the first-generation cephalosporin. Clindamycin is a satisfactory alternative for those who do not tolerate glycopeptide antibiotics. Ampicillin is a suitable monotherapy for peritonitis caused by enterococci and streptococci and can be replaced with clindamycin or a glycopeptide if organisms are resistant to ampicillin. Treatment duration should be 2 weeks for all organisms except S. aureus, for which therapy should be 3 weeks [11] . & Gram-negative peritonitis. Upon culture of a single Gramnegative organism, the first-generation cephalosporin or glycopeptide should be discontinued and ceftazidime continued if the organism is sensitive to ceftazidime and the patient is responding well clinically. However, if the organism belongs to the Pseudomonas/Stenotrophomonas genus, a second antibiotic with synergistic activity (e.g. an aminoglycoside) should be added. If multiple Gramnegative organisms or anaerobic bacteria are grown, metronidazole should be added and the patient should be investigated for intra-abdominal pathology. The recommended duration of treatment is 3 weeks for Pseudomonas/Stenotrophomonas species, multiple organisms, and/ or anaerobic organisms, and 2 weeks for other single Gram-negative organisms [11] . & Culture-negative peritonitis. In cases where the culture remains sterile and the patient's clinical condition is improving, combined empiric therapy should be continued for 2 weeks [11] . However, prolonged therapy with an aminoglycoside is discouraged because of the concern for toxicity.
The recent analysis of 491 episodes of non-fungal peritonitis by the IPPR has provided the opportunity to evaluate the efficacy of the recommendations regarding antibiotic therapy [14] . Of interest, the analysis did not support the earlier opinion-based recommendation of assigning young infants as well as children with a severe clinical presentation, previous or ongoing exit-site infection, or a methicillin-resistant S. aureus history preferentially to glycopeptide treatment, as no significant correlation was seen between the presence of the previously described risk factors, the empiric antibiotic therapy chosen, and either the early treatment response or the final functional outcome. The reason for this inconsistency was primarily due to significant in vitro resistance to ceftazidime in patients with Gramnegative peritonitis. This group of patients responded better clinically to a combination of a first-generation and third-generation cephalosporin than to a combination of ceftazidime and a glycopeptide, likely due to a manifestation of synergy between the former pair of antibiotics (vide infra). Overall, only 80% of Gram-negative organisms showed in vitro sensitivity to ceftazidime, whereas the proportion of sensitive organisms increased to 91% for the combination of a first-generation and thirdgeneration cephalosporin and to 93% for the combination of a first-generation cephalosporin and an aminoglycoside. The sensitivity of Gram-negative organisms to aminoglycosides varied globally, ranging from 82% in Eastern Europe to 96% in Western Europe [13] .
The sensitivity of Gram-positive organisms to glycopeptide antibiotics was consistently high (96-100%), but their sensitivity to a first-generation cephalosporin varied by country-from 50% in the USA to 94% in Eastern Europe. Overall, only 69% of Gram-positive organisms were sensitive to either cefazolin or cephalothin, and the combined sensitivity increased to 94% when an aminoglycoside was combined with the former antibiotic. In vitro evaluation revealed that 50% of the coagulase negative staphylococci and 14% of the S. aureus strains were resistant to methicillin. Finally, 90% of the Gram-positive organisms tested and 96% of the Gram-negative organisms tested were sensitive to ciprofloxacin [14] .
This heretofore unrecognized variability in antibiotic susceptibility is likely the result of antibiotic preferences in different regions, which in turn are influenced by local experience and treatment guidelines, cost considerations and, at least for some drugs, availability issues and marketing activities. These issues and the data collected by the IPPR support the latest ISPD recommendations that the empiric antibiotic therapy of peritonitis should take into account the patient-and center-specific history of microorganisms and their sensitivity pattern [10, 109] . Antibiotic resistance patterns should be monitored on a regular basis, and the treatment protocol should cover all serious pathogens that are prevalent in that region. The limited success in treating Gram-negative infections with ceftazidime, the substantial morbidity associated with these infections, and the greater susceptibility of Gram-negative organisms to aminoglycosides emphasize the importance of considering possible modification of current empiric antibiotic therapy recommendations. While repeated or prolonged courses of aminoglycoside therapy are likely not advisable, their short-term use appears to be safe and without detrimental effect on residual kidney function [110] . When the aminoglycoside antibiotic is used as part of the empiric regimen, there should be prompt modification of antibiotic management once susceptibility data reveal that the causative organism is resistant to that aminoglycoside antibiotic or that another, less toxic antibiotic displays evidence of equivalent in vitro efficacy. In the case of culture-negative peritonitis, substitution of the aminoglycoside with ceftazidime is likely to be preferable.
Although the IPPR data suggests that ciprofloxacin may be an ideal single agent, providing broad spectrum coverage against both Gram-positive and Gram-negative organisms, the potential for rapid development of bacterial resistance and the possible risk of interference with cartilage development in young children make this a less desirable choice for initial therapy [111, 112] .
Assessment of initial response
The patient's clinical condition should be assessed daily subsequent to the initiation of therapy. An assessment of the dialysis effluent after 3 days of therapy will typically reveal the dialysate leukocyte count to have decreased by more than 50%, with a shift from a predominance of polymorphonuclear to mononuclear cells. It is noteworthy that, on occasion, microorganisms may still grow in the peritoneal cavity after 72 h of treatment, particularly in patients receiving intermittent antibiotic administration. These positive cultures, however, do not predict a poor outcome [89] .
Failure to respond within 72 h of therapy initiation should prompt further investigation, including a repeat assessment of the dialysate cell count, Gram stain, and culture, an assessment of the catheter tunnel and exit-site by clinical and, possibly, ultrasound evaluation, and an exitsite culture [113, 114] .
Management of refractory peritonitis
The most common cause of treatment-resistant peritonitis is a catheter tunnel-related infection, usually due to a S. aureus or P. aeruginosa infection of the subcutaneous tissue around the catheter cuffs [11, 115] . The confirmation of a tunnel infection in therapy-resistant peritonitis necessitates immediate removal of the catheter, followed by 2-3 weeks of temporary hemodialysis and intravenous antibiotic therapy before a new catheter can be inserted, preferably on the contralateral side [11] .
In patients whose peritoneal fluid culture is positive for anaerobic bacteria or multiple Gram-negative organisms, the possibility of intra-abdominal pathology (e.g. ruptured appendix) should be considered. Another possible explanation of antibiotic-resistant peritonitis is fungal infection, which usually develops following antibiotic treatment of bacterial peritonitis but can occur without any risk factors in a substantial number of patients [37] [38] [39] . If fungi are identified by Gram stain or culture, all antibiotics should be discontinued and antimycotic treatment initiated with either intravenous amphotericin B or a combination of an imidazole/triazole (e.g. intravenous or oral fluconazole) and flucytosine (if available). Whereas amphotericin B has historically been recommended as the primary treatment for fungal peritonitis in patients receiving PD, data collected in children and adults provide evidence that the peritoneal penetration of amphotericin B following systemic administration is poor [116] . In contrast, fluconazole is characterized by excellent bioavailability and peritoneal penetration and is almost always active against Candida species [117] . Unfortunately, fungi usually colonize the surface of the silastic material of the catheter, thereby making medical therapy rather futile. Accordingly, in virtually all circumstances, the prognosis for successful management of the infection and for the potential of ongoing PD will be improved by immediate catheter removal [10] . Antimycotic treatment should be continued during temporary hemodialysis for at least 2 weeks after the complete resolution of clinical symptoms and before placement of a new PD catheter is considered [11] .
Relapsing peritonitis
Relapsing peritonitis is defined as the recurrence of peritonitis with the same organism as in the immediately preceding episode according to culture results and antibiotic susceptibilities, within 4 weeks of completion of antibiotic treatment. Relapsing peritonitis may occur in up to 20% of initially antibiotic-responsive Gram-positive peritonitis episodes. The most common microorganisms causing relapsing peritonitis are slime-forming coagulase-negative staphylococci that can survive antibiotic treatment in fibrinous adhesions and in the biofilm matrix on the catheter surface [118] . Staphylococcus aureus and P. aeruginosa, which may cause subclinical microabscesses in the tunnel region or in intra-abdominal adhesions, may also be the source of this complication. Ultrasound assessment can assist in the detection of clinically occult tunnel infections [119] .
Since the causative organism of relapsing peritonitis is not known when clinical symptoms occur, empiric treatment should be reinitiated initially. After confirmation of the relapse by culture and antibiotic susceptibilities, organismspecific treatment should be continued for 3 weeks. Early catheter removal is recommended in cases where the origin of the re-infection can be localized to the catheter tunnel and in any case of a relapsing infection with Pseudomonas or Stentrophomonas species.
Catheter removal and reinsertion
Peritoneal dialysis catheter removal should be seen as part of the recommended peritonitis management in situations in which failure to do so is unlikely to result in a successful outcome. The primary goal in managing peritonitis should always be the optimal treatment of the patient and protection of the peritoneum-and not saving the catheter. Whereas there are no data to permit an evidence-based recommendation with respect to the length of antibiotic treatment following catheter removal and the appropriate time for catheter replacement, an interval of 2-3 weeks between catheter removal and catheter replacement with at least 2 weeks of systemic antibiotic therapy during the intervening period is considered to be acceptable [11] .
Simultaneous catheter removal and reinsertion can, on occasion, obviate the need for interval hemodialysis and has been successfully reported in cases with recurrent peritonitis, relapsing peritonitis (unless caused by Pseudomonas/Stentrophomonas species), and refractory exit-site or tunnel infections, including those caused by Pseudomonas species [120] [121] [122] [123] . In patients with refractory exit-site infection, timely replacement of the catheter can decrease the risk of peritonitis. Catheter exchange associated with peritonitis should be performed once the infection has responded to antibiotics and the effluent cell count is <100 leukocytes/µl [124] , and this procedure should be followed by 3 weeks of appropriate antibiotic therapy. Simultaneous catheter removal and reinsertion is not advocated for refractory and fungal peritonitis.
Final outcome
Peritonitis is the primary reason for technique failure in children receiving CPD. According to the 2007 NAPRTCS annual report, 675 patients entered in the dialysis registry discontinued PD for reasons other than transplantation, with excessive infection being the primary reason for discontinuation in 42.8% of these cases [2] .
Based on the IPPR experience, 89% of peritonitis episodes were followed by full functional recovery (Fig. 3) . Peritoneal dialysis was permanently discontinued (technique failure) in 8.1% of cases because of persistent ultrafiltration problems, abdominal adhesions, persistent infection, secondary development of fungal peritonitis, or general therapy failure. The outcome of infections caused by Pseudomonas species tended to be the least favorable, with only 74% of the cases achieving full recovery. When outcome was compared by geographic region, the final outcome was significantly less favorable in Eastern Europe, where PD was permanently discontinued in 20% of patients. This poor outcome was associated with the preferential usage of straight rather than coiled Tenckhoff catheters, a practice that may predispose to inferior drainage in patients with post-peritonitic adhesions [13] . Relapsing peritonitis occurred in 52 cases, and full Fig. 3 Peritonitis outcome by organisms as reported by the IPPR (with permission from [14] ). Coag. Neg. Staph coagulase-negative Staphylococcus recovery was also less common in this group of patients (75%) than in those who had episodes without relapse (91%) [14] .
The mortality rate in children who develop acute peritonitis is approximately 1% [125] . Six deaths were reported by the IPPR, representing 1.2% of the peritonitis episodes. Three of these deaths were associated with the development of Gram-negative peritonitis. Repeated episodes of peritonitis have been associated with patient mortality following the development of sclerosing encapsulating peritonitis [126, 127] .
Concluding paragraph
Peritonitis remains the most significant complication of PD in children. New technologies and a better understanding of the epidemiology of the infection should result in greater success in terms of prevention and treatment, with resultant preservation of PD as a viable long-term dialysis modality for the pediatric patient.
Questions
(Answers are given following the questions)
1. The microbiology of peritoneal dialysis-associated peritonitis is best characterized by which of the following?
A. 50-60% Gram-positive organisms and 25% fungi B. 50-60% Gram-positive organisms and 20-30% Gram-negative organisms C. 50-60% Gram-negative organisms, 5% Grampositive organisms, and 25% culture negative D. 50-60% Gram-negative, 25% culture-negative, and 15% viral E. 50-60% Gram-positive organisms, 20% fungi, and 30% culture-negative 2. Which one of the routes listed below is not a common route by which bacteria may reach the peritoneum and cause peritoneal dialysis-associated peritonitis?
A 
